INTRODUCTION
This field trip guide is for the October 30, 1993 NAGT field trip EVOLUTION OF CAPE LANDSCAPES: MARINE AND GLACIAL FIELD TECHNIQUES APPLIED TO CAPE COD to be conducted in association with the Geological Society of America 1993 Annual Meeting at Boston, Massachusetts. The guide is based, in part, on two previous Cape Cod field trip guides (Oldale, 1988; Oldale, 1992a) .
Although the complete geologic history of Cape Cod spans more than 600 million years, the Cape Cod we will view today has a much shorter history. This history encompasses the last glacial stage of the ice age, the Wisconsin, and the present interglacial stage, the Holocene. The Cape was initially shaped by the Laurentide ice sheet, which formed in Canada about 75,000 years ago. For much of its existence, the ice sheet remained north of New England. About 23,000 years ago, however, the Laurentide ice sheet advanced southward and reached the vicinity of Cape Cod, Martha's Vineyard, and Nantucket a few thousand years later. Retreat of the ice sheet followed within a thousand years or so. Radiocarbon dates on foraminifera in glaciomarine mud in the Gulf of Maine indicate that glacial Cape Cod was completed by about 18,000 years ago (Schnitker, 1988) .
The next great event in the geology and geologic history of (Fig. 2) .
Retreat of the lobes was not synchronous; the Buzzards Bay lobe retreated first and the South Channel lobe last. As a result, the glacial deposits on Cape Cod, in general, become younger towards the east, and the youngest glacial deposits occur on the outer arm of the Cape.
Among the earliest visitors to Cape Cod were Gosnold in 1602, Champlain in 1605 and 1606, Hudson in 1609, and John Smith in 1614. There is no firm evidence that the Vikings were the first to visit, but they could have been1 . Many of these early visits ended in violence between the Indians and Europeans, including killing and kidnaping. The Pilgrims, in 1620, first landed at the tip of the Cape. They explored as far south as Eastham (Fig. 2) where, in their first contact with the Indians, a fight occurred. During the expedition they stole whatever Indian possessions they wanted. Some natives and year-rounders may think that the unhappy situation that existed between the Indians and Europeans has a modern counterpart when the summer visitors invade Cape Cod.
1 See "The Expedition of Thorfinn Karlsefni (1007-11)" in Gordon (1957) , p. 48):
"There was a ness (peninsula) which they came to. They sailed near the wind along the coast and put the coast on the starboard side.
There was a harborless coast and long beaches and sand. They went by the boat to shore and found a keel of a ship, and called it (the peninsula) Kjalarnes ("Keel Ness" = Cape Cod?).
They also gave a name to the beach and called it Furdustrandir ("Wonder Sands"), because it was a long way to sail along." (Translated from the Old Norse by Richard S. Williams, Jr.) U. S. Geological Survey map 1-1736 (Oldale and Barlow, 1986 ), a geologic map of Cape Cod and the islands and U. S.
Geological Survey map GQ-750 (Oldale, 1968) will be good references for the field trip and transect. The book Cape Cod and the Islands; The geologic story (Oldale, 1992b) provides an easily understood account of the geology and geologic history of the Cape. Six books that address the geography, geology, and natural history of Cape Cod have been written by Thoreau (1984) , Chamberlain (1981) , Strahler (1988) , Beston (1974 ), Brownlow (1979 ), and O'Brien (1990 .
The route to the first stop crosses the Cape Cod Canal (Fig.   2 ). The canal is located in a trough that was originally occupied by two streams, the Scussett River that flowed northeast into Cape Cod Bay and the Monument (the Indians called it the Manomet River) River that flowed southwest into Buzzards Bay.
The divide between the two streams was at an altitude of about 29 feet (9 m) (Farson, 1977) . The through valley is thought to have (Farson, 1977 (Farson, 1977) making it the widest canal in the world. It has a depth of 32 feet (9.7 m) and the clearance beneath the two highway bridges and the railroad bridge, when raised, is 135 feet (41 m) (Farson, 1977) , too low for the tallest of the tall ships.
EN ROUTE TO SCARGO HILL TOWER
After crossing the Cape Cod Canal, Route 6 runs along the crest of the Sandwich moraine. The moraine, along with the southwest trending Buzzards Bay moraine, forms the so-called back bone of Cape Cod (Fig. 3) . On the Cape, the Buzzards Bay moraine is a short distance inland of the Buzzards Bay shore. To the southwest of the Cape it forms the Elizabeth Islands chain. A short distance south of the canal, the Sandwich moraine deposits overlie the Buzzards Bay moraine deposits (Mather et al., 1940 (Mather et al., , 1942 , indicating that the Buzzards Bay moraine was formed first.
Route 6 runs along the crest of the Sandwich moraine; Cape Cod Bay lies to the north and Vineyard and Nantucket Sounds lie to the south (Fig. 2) . The moraine consists of a veneer of till and boulders underlain by stratified drift, including sand and gravel and rhythmically bedded silt and clay. Both the Sandwich moraine and the Buzzards Bay moraine have been interpreted to be glaciotectonic features (Oldale and O'Hara, 1984) formed as the lobes readvanced and thrust previously deposited drift. To the south of the moraine lie the inner Cape outwash plains and the kames along the Nantucket Sound shore ( The latter may have formed during the earliest high stage of Glacial Lake Cape Cod. Initially, the lake was very narrow as the ice pulled away from the inner cape, but it became a significant body of water when the large outwash deltas developed on outer Cape Cod and along the west shore from Plymouth to Duxbury (Chute, 1965; Larson, 1982) .
Postglacial deposits including spits, beaches, marshes, and dunes formed as the Holocene rise in sea level drowned the glacial Cape. Sandy Neck and the Barnstable marshes can be seen to the west. Both features began to develop about 4,000 years ago, when sea level was about 25 feet (7.5 m) below the present level (Redfield, 1965; Redfield and Rubin, 1962) . Provincelands spit, seen at the outer end of the Cape if it is very clear, started to form about 6,000 years ago (Zeigler et al., 1965) . Cape Cod is a dynamic environment that is ever changing.
The dominant factor in the changing landscape is the sea. Where the Cape is unprotected from wave attack, sea cliffs have formed in the glacial deposits. In places, barrier beaches protect the glacial deposits from erosion. However, the protection is temporary because the barriers can change form or wash away, mostly during major storms. The breach in this barrier was first developed during a northeast storm in January 1987 (Fig. 4) . The continuing impact of the still widening breach includes increased tidal range and flow within the lagoon, shoaling of the harbor as flood-tidal deltas develop, and erosion along the mainland shore.
Changes in the barrier system protecting the mainland from wave attack and erosion of the mainland when changes in the barrier system occur have been considered to be cyclic (McClennen, C.E., 1979, and Giese, 1988) , but episodic is a more likely description 8 of the process. The sea cliff below Chatham Light was inactive before the new break, protected by a prograding beach. The inactive cliff was evidence of the previous breakdown in the barrier system and erosion of the mainland that occurred in 1851.
At that time as now, the Chatham shore was exposed to wave attack; roads and houses were destroyed, and as much as 100 feet (30 m) of cliff retreat occurred (Leatherman, 1988) The dome is interpreted to be a sediment diapir consisting of glaciolacustrine deposits, including drop stones and till, which were laid down on the floor of Glacial Lake Cape Cod. After burial by fluvial and deltaic sand and gravel the water saturated lake bottom deposits deformed plastically and migrated laterally to a place where upward relief was available. At that place the lake bottom deposits flowed upward to fold the overlying sand and gravel.
The great cliff along the "back side" of "lower" Cape Cod, local terms that mean "out back" (the front side was the Cape Cod
Bay side) and "northeast" (as in downwind to Maine), demonstrates dramatically the erosion that will eventually reduce the Cape to a series of low islands and broad sand shoals. Erosion along this shore, although sporadic and local in nature, averages 3.2 ft/year (~1 m/year) (Zeigler et al., 1964) . indicates that Duck Pond formed above a melting ice block about 12,000 years ago (Winkler, 1985) . This would have been about The shore of Gull Pond is influenced by waves and currents in the same manner as the sea shore. Cliffed headlands occur along the shore, cut by wave attack. The material eroded from the cliff is transported by longshore currents and longshore drift to where it is redeposited to form beaches, baymouth bars (across small coves), and the nearshore sandy bottom. These processes tend to smooth the shoreline and make the pond nearly circular.
The surface altitude of Gull Pond indicates that the water (Gatto, 1979) . Predictions indicate that the progradation of this shore will continue and by the year 2030 the shoreline will be about 100 feet (30 m) further seaward (Cornillon, 1979) . Champlain's map made in 1605 (Ganong, 1922) . 
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